Balance between cholinergic and dopaminergic signaling is central to striatal control of movement and cognition. In dystonia, a common disorder of movement, anticholinergic therapy is often beneficial. This observation suggests there is a pathological increase in cholinergic tone, yet direct confirmation is lacking. In DYT1, an earlyonset genetic form of dystonia caused by a mutation in the protein torsinA (TorA), the suspected heightened cholinergic tone is commonly attributed to faulty dopamine D2 receptor (D2R) signaling where D2R agonists cause excitation of striatal cholinergic interneurons (ChIs), rather than the normal inhibition of firing observed in wildtype animals, an effect known as "paradoxical excitation". Here, we provide for the first time direct measurement of elevated striatal extracellular acetylcholine (ACh) in a knock-in mouse model of human DYT1 dystonia (TorA ΔE/+ mice), confirming a striatal hypercholinergic state. We hypothesized that this elevated extracellular ACh might cause chronic over-activation of muscarinic acetylcholine receptors (mAChRs) and disrupt normal D2R function due to their shared coupling to G i/o -proteins. We tested this concept in vitro first using a broadspectrum mAChR antagonist, and then using a M2/M4 mAChR selective antagonist to specifically target mAChRs expressed by ChIs. Remarkably, we found that mAChR inhibition reverses the D2R-mediated paradoxical excitation of ChIs recorded in slices from TorA ΔE/+ mice to a typical inhibitory response. Furthermore, we recapitulated the paradoxical D2R excitation of ChIs in striatal slices from wild-type mice within minutes by simply increasing cholinergic tone through pharmacological inhibition of acetylcholinesterase (AChE) or by prolonged agonist activation of mAChRs. Collectively, these results show that enhanced mAChR tone itself is sufficient to rapidly reverse the polarity of D2R regulation of ChI excitability, correcting the previous notion that the D2R mediated paradoxical ChI excitation causes the hypercholinergic state in dystonia. Further, using a combination of genetic and pharmacological approaches, we found evidence that this switch in D2R polarity results from a change in coupling from the preferred G i/o pathway to non-canonical β-arrestin signaling. These results highlight the need to fully understand how the mutation in TorA leads to pathologically heightened extracellular ACh. Furthermore the discovery of this novel ACh-dopamine interaction and the participation of β-arrestin in regulation of cholinergic interneurons is likely important for other basal ganglia disorders characterized by perturbation of ACh-dopamine balance, including Parkinson and Huntington diseases, l-DOPA-induced dyskinesia and schizophrenia.
Balance between cholinergic and dopaminergic signaling is central to striatal control of movement and cognition. In dystonia, a common disorder of movement, anticholinergic therapy is often beneficial. This observation suggests there is a pathological increase in cholinergic tone, yet direct confirmation is lacking. In DYT1, an earlyonset genetic form of dystonia caused by a mutation in the protein torsinA (TorA), the suspected heightened cholinergic tone is commonly attributed to faulty dopamine D2 receptor (D2R) signaling where D2R agonists cause excitation of striatal cholinergic interneurons (ChIs), rather than the normal inhibition of firing observed in wildtype animals, an effect known as "paradoxical excitation". Here, we provide for the first time direct measurement of elevated striatal extracellular acetylcholine (ACh) in a knock-in mouse model of human DYT1 dystonia (TorA ΔE/+ mice), confirming a striatal hypercholinergic state. We hypothesized that this elevated extracellular ACh might cause chronic over-activation of muscarinic acetylcholine receptors (mAChRs) and disrupt normal D2R function due to their shared coupling to G i/o -proteins. We tested this concept in vitro first using a broadspectrum mAChR antagonist, and then using a M2/M4 mAChR selective antagonist to specifically target mAChRs expressed by ChIs. Remarkably, we found that mAChR inhibition reverses the D2R-mediated paradoxical excitation of ChIs recorded in slices from TorA ΔE/+ mice to a typical inhibitory response. Furthermore, we recapitulated the paradoxical D2R excitation of ChIs in striatal slices from wild-type mice within minutes by simply increasing cholinergic tone through pharmacological inhibition of acetylcholinesterase (AChE) or by prolonged agonist activation of mAChRs. Collectively, these results show that enhanced mAChR tone itself is sufficient to rapidly reverse the polarity of D2R regulation of ChI excitability, correcting the previous notion that the D2R mediated paradoxical ChI excitation causes the hypercholinergic state in dystonia. Further, using a combination of genetic and pharmacological approaches, we found evidence that this switch in D2R polarity results from a change in coupling from the preferred G i/o pathway to non-canonical β-arrestin signaling. These results highlight the need to fully understand how the mutation in TorA leads to pathologically heightened extracellular ACh. Furthermore the discovery of this novel ACh-dopamine interaction and the participation of β-arrestin in regulation of cholinergic interneurons is likely important for other basal ganglia disorders characterized by perturbation of ACh-dopamine balance, including Parkinson and Huntington diseases, l-DOPA-induced dyskinesia and schizophrenia.
Introduction
Striatal control of motor and cognitive functions relies on proper balance between cholinergic and dopaminergic modulation of synaptic circuits. This balance is ensured by a complex, close interaction between cholinergic interneurons (ChIs) and midbrain dopaminergic neurons (Stoof et al., 1992a; Pisani et al., 2007; Aosaki et al., 2010) . These two neuron populations exhibit coincident physiological changes in their activity during behavior (Morris et al., 2004; Joshua et al., 2008) and exert reciprocal control on the release of their neurotransmitters (Stoof et al., 1992a; DeBoer & Abercrombie, 1996; Pisani et al., 2003; Rice & Cragg, 2004; Cragg, 2006; Threlfell et al., 2012) . A particularly important site of functional interaction in striatum is at autonomous pacemaker ChIs, the main source of striatal acetylcholine (ACh). ChIs express high levels of dopamine D2Rs and M2/M4 mACh autoreceptors (Yan & Surmeier, 1996; Straub et al., 2014; Wieland et al., 2014) . D2Rs and M2/M4 mAChRs reduce tonic firing of ChIs, and subsequent ACh release, through shared coupling to G i/o signaling, which diminishes the opening of Cav2 Ca 2+ channels in response to membrane depolarization (Yan & Surmeier, 1996; Yan et al., 1997; Calabresi et al., 1998; Maurice et al., 2004; Ding et al., 2006; Bonsi et al., 2008; Zhao et al., 2016) . In vivo microdialysis (Drukarch et al., 1990; Stoof et al., 1992b; DeBoer & Abercrombie, 1996) and electrophysiological (Yan et al., 1997) studies revealed that the ability of the D2R agonist quinpirole to decrease ACh release and to reduce Ca 2+ currents in ChIs is limited by increasing levels of striatal ACh, suggesting that dopamine modulation of striatal ACh release is influenced by striatal cholinergic tone, perhaps through functional interactions between D2R and M2/M4 mACh autoreceptors. Defining this interaction will have significant impact on understanding the most common basal ganglia motor disorders which are often associated with alterations in the normal balance between dopaminergic and cholinergic systems (Pisani et al., 2007; Aosaki et al., 2010; Bonsi et al., 2011; Benarroch, 2012) . Dystonia, a common motor disorder characterized by abnormal muscle contractions, is of particular relevance in this context because of abundant evidence for alterations in striatal cholinergic-dopaminergic balance (Breakefield et al., 2008; Eskow Jaunarajs et al., 2015) . DYT1 dystonia, the most common early-onset inherited form of isolated dystonia, is caused by a three-nucleotide (GAG) deletion in the TOR1A gene, leading to loss of a glutamate residue near the C-terminus of the encoded protein torsinA, ΔE-TorA (Ozelius et al., 1999) . TorA belongs to the AAA + (ATPase associated with diverse cellular activities) family of chaperones and is involved in trafficking of proteins between the nucleus and endoplasmic reticulum. How these cell biological properties relate to neural system disturbances seen in dystonia are not well understood (Breakefield et al., 2008) .
Mounting evidence suggests imbalanced cholinergic transmission plays a pivotal role in the pathophysiology of DYT1 dystonia (Eskow Jaunarajs et al., 2015) . Clinically, anticholinergic drugs (e.g., trihexyphenidyl) are the most effective treatments available for DYT1 and other dystonias (Jankovic, 2013) . Across several rodent models based on mutant TorA, increased cholinergic signaling underlies impaired bidirectional corticostriatal synaptic plasticity, and comparable abnormalities in neural plasticity of motor circuits are found in human dystonia (Martella et al., 2009; Quartarone & Hallett, 2013; Martella et al., 2014; Calabresi et al., 2016) . A consistent finding in all DYT1 rodent models examined so far is a "paradoxical excitation" of ChIs in response to D2R activation (Pisani et al., 2006; Martella et al., 2009; Sciamanna et al., 2012) . This finding has led to the prevailing hypothesis that faulty D2R signaling causes the hypercholinergic state, with downstream effects on synaptic plasticity at corticostriatal synapses (Martella et al., 2009; Maltese et al., 2014; Martella et al., 2014; Calabresi et al., 2016) . These clinical and experimental data predict that there should be elevated striatal cholinergic tone in DYT1 dystonia, but to date, ACh levels have not been measured directly in vivo in preclinical dystonia models or human dystonia.
Here, we provide direct evidence of elevated striatal cholinergic tone in a DYT1 knock-in mouse model (TorA ΔE/+ mice) and challenge the view that D2R signaling causes the hypercholinergic state. In fact, the reverse is true: we find that the strength of the cholinergic tone dictates the polarity of D2R modulation of ChI excitability. Moreover, our data support the interpretation that, as a result of the hypercholinergic state, a sustained activation of mACh autoreceptors on ChIs drives a shift from canonical D2R-G i/o coupling, which mediates the inhibition of ChI firing (Yan et al., 1997) , to non-canonical D2R-β-arrestin signaling which triggers the aberrant increase in ChI firing. These findings not only provide a new perspective on DYT1 dystonia pathophysiology, but also have relevance to broader aspects of Gprotein-coupled receptor signaling in conditions of dopamine/ACh imbalance found in a wide range of neurological disorders, including Parkinson's disease, Huntington's disease, l-DOPA induced dyskinesia and schizophrenia.
Materials and methods
All experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.
Animal model
Heterozygous DYT1 mutant knock-in mice, TorA ΔE/+ (Goodchild et al., 2005) were maintained congenically by breeding with C57BL/6 J mice from Jackson Laboratories (Bar Harbor, ME, USA). Mice were housed with a 12 h light/dark cycle. Food and water were provided ad libitum. Tail DNA was genotyped using a primer pair to detect the 34 base pair loxP site in the DYT1 mutant (forward primer, AGTCTGTGG CTGGCTCTCCC; reverse primer, CCTCAGGCTGCTCACAACCAC). PCR products were run using a 2% agarose gel. Male mutant (TorA ΔE/+ ) and littermate controls (TorA +/+ ) were evaluated between 4 and 6 months of age. The generation of β-Arr2 homozygous KO mice has been previously described (Bohn et al., 1999) . These mice have been backcrossed N 12 generations to and maintained on the C57BL/6 background.
In vivo microdialysis
Male TorA +/+ and TorA ΔE/+ littermates were anesthetized with isoflurane (1-3%) and placed in a stereotaxic apparatus. Unilateral microdialysis cannulae (CMA Microdialysis, Stockholm, Sweden) were implanted vertically above the striatum (anterior + 0.6; lateral + 1.9; ventral − 1.6 mm from bregma, according to the coordinates of (Paxinos et al., 1985) . Two anchor screws (CMA Microdialysis) were placed behind the cannula and then fixed to the skull with dental cement. Following surgery, buprenorphine (0.03 mg/kg, i.p.) was injected for pain relief. Three to four days following surgery, dummy cannulae were removed and microdialysis probes were inserted (CMA7: 2 mm, CMA Microdialysis). Mice were habituated to the microdialysis environment for 3 h while the probes were perfused with artificial cerebrospinal fluid (aCSF; 127.6 mM NaCl, 4.02 mM KCl, 750uM NaH2PO4, 2.1 mM Na2HPO4, 2.00 mM MgCl2, 1.71 mM CaCl2; pH 7.4) at a constant rate of 2 μL/min for the duration of the experiment. In order to determine basal levels of ACh, three dialysate samples were collected every 20 min for one h following habituation. Following baseline, 10, 100 and 500 nM neostigmine bromide (Neo) were added to aCSF and samples were collected every 20 min for 1 h per dose in an escalating dose design for a total of 3 h. At the end of sampling, mice were killed and brains were removed and post-fixed with 4% paraformaldehyde. Fixed brains were then sectioned using a freezing microtome (Leica SM 200R, Buffalo Grove, IL) and cresyl violet staining was used to determine accurate probe placement. All microdialysis samples were analyzed for ACh using HPLC-ED (Eicom HTEC-500 with Eicom Autosampler INSIGHT, San Diego, CA) with an enzyme reactor (Eicom, AC-ENZYM II 1.0 × 4.0 mm) and a platinum electrode (Eicom, WE-PT; +450 mV vs Ag/AgCl). The mobile phase consisted of 50 mM potassium bicarbonate, 134 μM ethylenediaminetetraacetic acid, and 1.22 mM decanesulfonate (pH 8.5) and was delivered at a rate of 150 μL/min. Microdialysate sample chromatograms were analyzed based on established concentration curves for ACh (1-100 nM). The limit of detection was~10 fM. 
Electrophysiology
The slices were transferred to a recording chamber mounted on an Olympus BX50WI upright, fixed-stage microscope and perfused (2 ml/min) with oxygenated aCSF at RT. A 40 ×/0.9 N.A. waterimmersion objective was used to examine the slice, cholinergic interneurons were visualized on a monitor using a differential interference contrast optical system combined with an infrared filter, and a monochrome CCD camera (RC300, MTI). Electrophysiological recordings were obtained with an Axopatch 200B amplifier (Axon Instruments, Sunnyvale, CA), using borosilicate glass pipette pulled on a P97 puller (Sutter Instruments, Novato, CA). Patch pipette resistance was typically 2.8-3 MΩ when filled with aCSF. ChI spontaneous firing was recorded at RT (22-25°C) in the cell-attached configuration (seal resistance: 200 MΩ − N 5 GΩ), voltage-clamp mode, at a command potential at which the amplifier current, I amp, is at 0 pA. Signals were digitized at 100 kHz and logged onto a personal computer with the Clampex 10.5 software (Molecular Devices, Sunnyvale, CA).
Data analysis and statistics
Data were analyzed using pClampfit 10.5 (Molecular Device) and Prism 6.0e (GraphPad). Numerical data are presented as means ± SEM; n values represent independent observations. Basal ACh data were analyzed using an independent two-sample t-test. Neo dose response data were analyzed by repeated-measures 2-way ANOVA. Post-hoc tests were completed using Tukey's multiple comparisons tests. The evaluation of statistical difference for electrophysiological experiments was performed using Wilcoxon signed rank test (matched pairs) or repeated measurement (RM) one-way ANOVA and post-hoc Bonferroni's test for multiple comparisons. Two-sample KolmogorovSmirnov (K-S) test was used to compare ISI cumulative distribution functions pre and post treatments and RM 2-way ANOVA to compare treatment effects between genotypes.
Drug source and handling
All drugs were obtained from Sigma Aldrich (St. Louis, MO) and TOCRIS Bioscience (UK). Drugs were applied by reverse microdialysis for in vivo microdialysis, or bath perfusion for slice electrophysiology. The pathological increase in striatal cholinergic tone in rodent models of DYT1 has been proposed to be a consequence of the paradoxical excitation of ChI in response to D2R activation. Indeed, we confirmed that ChIs from TorA ΔE/+ mice show paradoxical excitation in response to D2R stimulation. We performed in vitro cell-attached current-clamp recordings of ChI spontaneous firing in acute striatal slices. Using videomicroscopy, all recorded cells exhibited typical morphological features of ChIs, such as a large polygonal cell body (N15 μm) and two-three major dendritic branches (Fig. 2A) ; the presence of spontaneous activity characteristic of ChIs confirmed the morphological identification. In slices from TorA +/+ mice, the D2R agonist quinpirole (Quin; 10 μM, 28 min) elicited depression of ChI firing rates as observed previously (Maurice et al., 2004; Pisani et al., 2006) , Fig. 2B1 , baseline: 2 ± 0.5 Hz; 20 min in Quin: 1.1 ± 0.2 Hz, n = 9, p b 0.05). Also consistent with previous reports (Pisani et al., 2006; Martella et al., 2009; Sciamanna et al., 2012) , a paradoxical increase in firing rate of ChIs was found in TorA ΔE/+ mice during bath application of Quin (Fig. 2C1 , baseline: 1.8 ± 0.3 Hz; 20 min in Quin: 2.6 ± 0.5 Hz, n = 11, p b 0.05). Next, we confirmed that stimulation of postsynaptic M2/M4 mAChRs using the non-selective mAChR agonist oxotremorine (Oxo) significantly depressed the ChI firing rate in both TorA +/+ mice ( 20 min in Oxo: 1.6 ± 0.6 Hz, n = 9, p b 0.01) with no statistical difference between genotypes (F genotype(1-14) = 0.47, p = 0.5). This result shows that, despite the heightened basal ACh levels measured using microdialysis in TorA ΔE/+ mice, postsynaptic mAChRs in vitro are not desensitized, remain functional, and can decrease firing rate following agonist activation. The long-lasting effects of both Quin and Oxo, as shown in time course plots, suggest either that there is no receptor desensitization during a 28 min time window of continuous activation, or that receptor activation initiates long-lasting effects unrelated to the continuous presence of agonist.
Results and discussion

Extracellular striatal acetylcholine is elevated in
3.3. Pharmacological antagonism of mAChRs reverses D2R-mediated paradoxical excitation of ChIs in TorA ΔE/+ mice
The elevated extracellular ACh levels in TorA ΔE/+ mice ( Fig. 1) show that in these animals there is a pathologically increased cholinergic tone. Because M2/M4 mAChRs and D2Rs share coupling to G i/o signaling which mediates the decrease in ChI firing rate and ACh release in physiological conditions (Drukarch et al., 1990; Stoof et al., 1992b; DeBoer & Abercrombie, 1996; (Yan et al., 1997) , we considered the possibility that chronic activation of mAChRs due to the elevated ACh levels could be causally related to the aberrant D2R mediated increase in ChI firing rate. Precedent for this view exists, as previous work has shown that elevated ACh tone, through activation of M2/M4 mACh autoreceptors, can occlude D2R-coupling to G i/o signaling (Drukarch et al., 1990; Yan et al., 1997) .
To examine the possibility of a functional interaction between M2/M4 mAChR and D2R activation, we asked whether pharmacological inhibition of mAChRs could reverse the paradoxical D2R mediated increase in firing rate of ChIs in slices from TorA ΔE/+ mice. We first tested the effect of Quin after a 15 min bath application of the non-selective mAChR antagonist scopolamine (Scop, 10 μM). Interestingly, in the presence of Scop, the excitatory effect of Quin on firing rate was significantly reduced, although the effect was not reversed to the normal inhibition of firing ( . Surprisingly, despite the elevated striatal ACh tone measured in vivo, we did not find a statistically significant effect of Scop on the baseline firing frequency of ChIs, as shown by the null effects on firing rate time course (Fig. 3A1 , firing rate 15 min in Scop: 2.3 ± 0.8 Hz, n = 10, p N 0.99), as well as on the cumulative distribution of the interspike interval (ISI) (Fig. 3A4 ) and coefficient of variation (CV) of the ISI (Fig. 3A5 , CV Scop = 0.39, p = 0.38). This result, together with the evidence that activation of mAChRs (Oxo) produces the same inhibitory effect on ChI firing in TorA ΔE/+ and TorA +/+ mice ( Fig. 2B2-C2 ), suggests that mAChRs are not tonically active in ChIs from TorA ΔE/+ slices, likely because the heightened cholinergic tone in vivo is not maintained in ex vivo brain preparations. Importantly, the ability of short-term (15 min) pharmacological mAChR inhibition to eliminate the D2R paradoxical excitation of ChI in TorA ΔE/+ slices suggests that the mAChR effect on D2R signaling must be initiated in vivo due to the increased cholinergic tone and persists in vitro, even in the absence of the maintained heightened cholinergic tone (Fig. 3A) . We next tested whether longer-term pharmacological mAChR inhibition (at least 1 h) can fully reverse the D2R-mediated paradoxical excitation in ChIs from TorA ΔE/+ to the typical inhibition of firing. We preincubated TorA ΔE/+ striatal slices in Scop for at least 1 h prior to measuring modulation of ChI spontaneous activity by the D2R agonist, Quin. Remarkably, mAChR antagonism now completely reversed the paradoxical excitation of ChIs following D2R activation, restoring the D2R mediated inhibition of firing typically observed in control animals. Specifically, in the presence of Scop (10 μM), Quin reduced the firing rate of ChIs (Fig. 3B1-3 , TorA ΔE/+ baseline: 4.5 ± 0.8 Hz; 20 min in Quin: 3.07 ± 0.5 Hz, n = 8, p b 0.05) and regularity of discharge as shown by the increase in the CV (Fig. 3B5 , CV baseline = 0.18, CV Quin = 0.21, p b 0.01); accordingly, the cumulative distribution of the ISI from ChIs recorded in the Scop treated slices was shifted to the right of the ISI distribution from ChIs recorded in untreated TorA ΔE/+ striatal slices (Fig. 3B4 , p b 0.0001). This rightward shift is indicative of a slowed firing rate, mimicking the normal physiological response of D2R activation observed in TorA +/+ mice (Fig. 2B1) .
Next, to confirm that this "rescue" is a consequence of inhibition of overactivated M2/M4 mAChRs, which are expressed by ChIs, we preincubated TorA ΔE/+ slices in the M2/M4 selective antagonist AF-DX 384 (300 nM) for at least 1 h. Again, the paradoxical D2R-mediated increase in firing was prevented, although the normalization of the inhibitory effect was not observed as in Scop (Fig. 3C1-3 , TorA ΔE/+ baseline: 3.8 ± 0.9 Hz; 20 min in Quin: 3.2 ± 0.95 Hz, n = 8, p = 0.25). However, the discharge pattern became less regular and the CV increased as with Scop ( Fig. 3C3 and 3C5 , CV baseline = 0.31, CV Quin = 0.48, p b 0.05), and there was a significant rightward shift in the cumulative distribution of the ISI from ChIs recorded in AF-DX 384 treated slices compared to non-treated (Fig. 3C4 , p b 0.0006). It is important to mention that AF-DX 384 at the concentrations studied was not able to induce a complete normalization of D2R-mediated inhibition, likely because M2/M4 mAChRs are not fully blocked by these drug concentrations. At higher concentrations this agent loses M2/M4 mAChR selectivity (Dorje et al., 1991; Bonsi et al., 2008) . Collectively, these new findings suggest that heightened activation of mAChRs, likely the M2/M4 mAChRs expressed by ChIs, is responsible for the D2R-mediated paradoxical excitation of ChI in DYT1 dystonia.
3.4. Over-activation of mAChRs in wild-type TorA +/+ mice drives D2R par-
adoxical excitation of ChIs
The results above suggest that in striatal ChIs from TorA ΔE/+ mice, in vivo chronic activation of M2/M4 mAChRs switches D2R signaling, an effect that outlasts agonist activation of mAChRs and has a slow reversal in the presence of the receptor antagonist (Fig. 3) . If this is the case, rather than the TorA mutation itself directly causing the aberrant D2R response, we should be able to induce D2R-mediated paradoxical excitation in wild-type TorA +/+ mice simply by mimicking the elevated extracellular ACh that occurs in TorA ΔE/+ mice. To test this hypothesis, we first used the AChE inhibitor, neostigmine (Neo, 100 nM), to elevate ACh levels in striatal slices from TorA +/+ mice, and asked if subsequent D2R activation with Quin could enhance ChI firing frequency. As expected, the firing frequency of ChIs decreased in the presence of Neo, confirming an increase in extracellular ACh that activates M2/M4 mAChR autoreceptors (Fig. 4A1-3 , TorA +/+ baseline: 2.02 ± 0.2 Hz;
10 min in Neo: 1.1 ± 0.2 Hz, n = 10, p b 0.03). The decreased ChI firing frequency is clearly seen in the statistically significant rightward shift of the ISI cumulative distribution (Fig. 4A4 , p b 0.0001) and the increased irregularity of discharge (Fig. 4A3) is shown by the significant increase of the median CV of the ISI frequency distribution histogram (Fig. 4A5 , CV baseline = 0.31; CV Neo = 1.01, n = 10, p b 0.004). During the pharmacologically induced hypercholinergic state, D2R activation with Quin now causes an increase in the firing frequency, reversing the mAChRmediated depression and mimicking the paradoxical excitation that occurs in TorA Δ-E/+ mice and other rodent models of DYT1 dystonia ( Fig. 4A1-3 , firing rate 20 min in Quin: 1.9 ± 0.4 Hz n = 10, p N 0.9). The cumulative distributions of ISI shifted back to the left (Fig. 4A4) , indicating an increase in the firing rate, and the median CV decreased to levels not significantly different from baseline (Fig. 4A5 , CV Quin = 0.43, p = 0.2). In order to more specifically test the involvement of mAChR activation, and to exclude the possibility of involvement of nicotinic cholinergic receptors in the switch in polarity of the D2R response, we used the non-selective mAChR agonist Oxo, (1 μM). Oxo itself, like Neo, induced a depression of ChI firing frequency, likely through M2/M4 mAChR activation (Fig. 4B1-3 , TorA +/+ baseline: 5.7 ± 1.3 Hz; 10 min in Oxo: 2.7 ± 0.9 Hz, n = 8, p = 0.0009; 4B4, 4B3 and 4B5, CV baseline = 0.28; CV Oxo = 0.94, n = 8, p = 0.03). Again, within minutes of D2R activation with Quin, the depressed firing frequency was reversed, bringing it back to pre-Oxo baseline values (Fig. 4B1-3 , firing rate 20 min in Quin: 5.5 ± 1.3 Hz, n = 8, p N 0.9; 4B4 and 4B5, CV Quin = 0.38 p b 0.1). The increased excitability induced by Quin in the presence of Oxo was prevented by the D2R antagonist, sulpiride, confirming that the increased firing frequency was indeed mediated by D2Rs. The mean firing rate was reduced ( Fig activation is sufficient to reverse the polarity of D2R modulation of ChI firing frequency with an onset occurring within minutes. Given the above results, we then asked if the ability of enhanced cholinergic tone to switch the polarity of D2R modulation of ChI firing rate persists beyond the period of mAChR activation with agonist. To address this possibility, we attempted to reproduce the experimental conditions in TorA ΔE/+ mice, where the heightened extracellular ACh levels occurring in vivo gets "washed-out" in the in vitro slice, yet the D2R-mediated paradoxical excitation persists. To this end, we preincubated slices from TorA +/+ mice in Oxo for at least 1 h, to mimic the chronic mAChR activation that occurs in vivo in TorA ΔE/+ mice and then washed out the mAChR agonist for up to 4 h prior to testing whether D2R activation with Quin still induces an increase in ChI firing frequency (Fig. 5A) . Interestingly, we found that, regardless of the duration of Oxo washout (WO) time, Quin increased the firing rate of ChIs ( Fig. 5A-B , TorA +/+ baseline: 1.69 ± 0.9 Hz; 10 min in Quin after up to 4 h WO of Oxo: 3.1 ± 1.1 Hz, n = 5, p = 0.01). Surprisingly, the Quin-induced increase of firing frequency also outlasted exposure to the agonist, since the firing rate remained elevated for at least 16 min of Quin washout, as shown by the time course (Fig. 5A-C) and rightshift of the ISI cumulative distribution (Fig. 5D p b 0 .0001), with nonsignificant changes of the CV of the ISI indicating that the regularity of spikes did not change (Fig. 5E , CV baseline = 0.64, CV Quin = 0.6, CV QuinWO = 0.51, p = 0.2 RM one-way ANOVA). Collectively, these results indicate that a temporary increase in cholinergic tone is sufficient to cause a long-lasting switch in the polarity of D2R modulation of ChI firing frequency. In fact, up to 4 h after removal of the mAChR agonist, activation of D2Rs continues to elicit an increase in ChI firing frequency, recapitulating the D2R mediated paradoxical excitation of ChIs in slices from TorA ΔE/+ mice.
A G-protein preferring D2R agonist does not elicit paradoxical ChI excitation
How can changes in mAChR activity influence the polarity of the D2R modulation on excitability? Since both D2R and mACh autoreceptors inhibit ChI spontaneous firing through a similar membrane-delimited, G i/o /G ßγ signaling cascade (Yan & Surmeier, 1996; Yan et al., 1997) , the D2R-mediated paradoxical increase of ChI activity induced by a hypercholinergic state must be mediated by the engagement of an alternative signaling pathway. Many GPCRs are able to transduce signals through more than one intracellular pathway. A growing body of evidence has shown that D2R signaling can occur through a noncanonical G protein-independent pathway involving recruitment of β-arrestin-2 (Beaulieu et al., 2005; Beaulieu et al., 2007a; Beaulieu et al., 2007b; Masri et al., 2008; Urs et al., 2012) . This discovery led to the development of new functionally selective ligands, which preferentially engage either canonical or non-canonical D2R pathways (Allen et al., 2011; Free et al., 2014) . We decided to use one of these new drugs, MLS1547, a G protein-biased D2R ligand with an antagonist effect on β-arrestin recruitment (Free et al., 2014) , to explore the differential role of G protein and β-arrestin signaling pathways in mediating the D2R paradoxical excitation of ChIs.
In recordings of ChIs in slices from TorA +/+ mice, MLS1547 (10 μM, 28 min) induced a long-lasting decrease of firing rate ( Fig. 6A1-3 , TorA +/+ baseline: 2.8 ± 0.8 Hz; 20 min in MLS1547: 1.6 ± 0.6 Hz, n = 7, p b 0.05), accompanied by a statistically significant leftward shift in the ISI cumulative distribution (Fig. 6A4 , p b 0.0001) and increase in CV (Fig. 6A5 , CV baseline = 0.42, CV MLS = 0.61, p b 0.05). These results suggest that the MLS1547 inhibitory effect is mediated by D2R activation, through the G protein signaling (Yan et al., 1997) . Indeed, the MLS1547-induced depression of firing rate is prevented by the D2R antagonist, sulpiride (Sulp, 10 μM, Fig. 6B1 -5, TorA +/+ baseline: 3.4 ± 1.4 Hz, 8 min in Sulp:
3.5 ± 1.5 Hz, 14 min in MLS1547: 3.6 ± 1.5 Hz, n = 7, p = 0.65). Interestingly, MLS1547, unlike Quin, did not induce paradoxical excitation of ChIs during tonic activation of mAChRs in the presence of Oxo. The rate and regularity of pacemaking were depressed by Oxo and did not further change in MLS1547 (Fig. 6C1-3 , TorA +/+ baseline: 4.6 ± 0.8 Hz, 10 min in Oxo: 1.8 ± 0.6 Hz, p = 0.009; 20 min in MLS1547: 1.6 ± 0.9 Hz, n = 8, p = 0.04; Fig. 6C5 , CV baseline = 0.2, CV oxo = 0.72, p = 0.03; CV MLS = 1.15, p = 0.01). Furthermore, a statistical comparison between the time courses of the effect on firing rate of Oxo alone versus MLS + Oxo showed no significant difference (F cell(1−11) = 1.37, p = 0.2), suggesting that they are acting through a common G i/o pathway, thus, mAChR activation by Oxo occludes further depression by MLS1547. These results suggest that D2R activation of G-protein signaling alone is insufficient to drive the paradoxical response of ChI.
Recruitment of β-arrestin signaling at D2Rs is required for the ChI paradoxical excitatory response
To test the hypothesis that β-arrestin signaling is involved in the D2R-mediated increase in firing rate of ChIs, we used a functionally selective D2R agonist with opposite pharmacology of MLS1547. These ligands have recently been developed and characterized based on the scaffold of the unbiased D2R ligand aripiprazole and they do not elicit any G i/o agonist activity downstream of D2Rs but have partial agonist activity mediated through β-arrestin recruitment (Allen et al., 2011; Chen et al., 2012) . Recently, the β-arrestin-biased D2R ligand UNC9994 has been reported to enhance the firing of parvalbuminpositive (PV) fast-spiking interneurons (FSIs) of the prefrontal cortex (PFC), suggesting that D2R-βarrestin agonism drives cortical FSIs excitability (Urs et al., 2016) . We tested UNC9994 in our system with the intent of verifying the idea that β-arrestin recruitment by D2R activation drives the increase of striatal ChI firing as well. When tested in wildtype mice, UNC9994 had no significant effect on the spontaneous striatal ChI firing rate at baseline ( Supplementary Fig. S1A1 ) or after activation of mAChRs with Oxo (Fig. S1A2) . As a positive control, we tested the effect of UNC9994 on PV-FSIs excitability in prefrontal cortex using PV/tdTomato mice and reproduced the excitatory effect described by Urs and colleagues (Urs et al., 2016) (Fig. S1B1) , while it totally lacked efficacy on striatal ChIs in the same mouse (Fig. S1B2) . Importantly, Urs and colleagues also reported that UNC9994 does not reverse the inhibitory effect of Quin in D2R-expressing projection neurons (MSNs) in striatum. They suggest that the same pharmacological agent UNC9994 can act as a D2R-βarrestin agonist on cortical FSIs but as a D2R-β-arrestin antagonist in striatal D2 MSNs, due to regional differences in expression patterns of transducer proteins such GRKs, and β-arrestins (Urs et al., 2016; Urs et al., 2017) . Our data suggest that the same may be true of striatal ChIs, and that UNC9994 and other currently available drugs are not suitable for a direct test of the hypothesized role of β-arrestin signaling in driving D2R-mediated excitatory responses of striatal ChI.
Since the pharmacological approach proved to be inadequate to verify the role of β-arrestin, we used a genetic approach and tested the effect of Quin on ChI firing rate in striatal slices from mice lacking the β-arrestin2 gene (β-Arr2 KO). In β-Arr2 KO mice, activation of D2Rs with Quin under basal conditions tended to reduce the ChI spontaneous discharge rate, although the effect was small and the group data did not reach statistical significance (data not shown: β-Arr2 KO baseline: 3.04 ± 0.9 Hz; 20 min in Quin: 2.6 ± 0.5 Hz p = 0.64, n = 8 cells, 5 animals). In the presence of Oxo, which in TorA +/+ ChIs leads to the D2R paradoxical excitation, bath application of Quin was ineffective in reversing the Oxo-induced depression of firing rate and regularity of discharge in β-Arr2 KO ChIs (Fig. 7A1-3 The next pertinent question brings us back to DYT1 mice, where the Quin-induced paradoxical excitation of ChIs was first discovered. We then asked whether, in the TorA ΔE/+ DYT1 mouse, a paradoxical excitation can be elicited using the G-protein biased D2R agonist, MLS1547, in place of the unbiased agonist Quin. We bath applied MLS1547 during ChI recordings in TorA ΔE/+ slices and found that the paradoxical excitation was absent, and only an inhibitory response was observed, likely mediated by the D2R-G-protein coupled pathway. The mean firing rate was reduced significantly (Fig. 7B1-3 , TorA ΔE/+ baseline: 4.9 ± 1.4 Hz, 20 min in MLS1547: 2.6 ± 1.4 Hz, p = 0.03, n = 6,), the ISI cumulative distribution shifted to the left (Fig. 7B4 , p b 0.0001) and the CV rose from CV baseline = 0.19 to CV MLS = 0.48, but did not reach statistical significance (Fig. 7B5 , p = 0.06). This suggests that in ChIs from TorA ΔE/+ mice a highly efficacious G-biased D2R agonist can still put D2Rs in a conformation suitable for G i/o activation, allowing them to act as inhibitors of ChI spontaneous firing rate. Importantly, the evidence that MLS1547, which stimulates G protein-based signaling downstream of D2R activation while simultaneously inhibiting signaling through the β-arrestin pathway, prevents the paradoxical increase in excitability of TorA
ΔE/+
ChI suggests that the β-arrestin pathway may be involved in mediating the increase of ChI excitability, since G i/o stimulation alone is insufficient to drive the paradoxical excitation. Although the mechanism by which the activation of mAChRs leads to the shift in biased signaling at D2Rs is at present unclear, one possibility is that there is a direct receptor-receptor interaction similar to what has been described for adenosine 2A receptor and D2R heterodimers (A2A)-D2R . Previous studies have shown that A2A agonist-activated allosteric interaction can induce a D2R conformational change, which switches D2Rs binding from G i/o to β-arrestin. Thus, D2R-G i/o signaling is reduced and signaling via β-arrestin dominates (Borroto-Escuela et al., 2011; Borroto-Escuela et al., 2016) . Our experimental evidence suggests that a similar mechanism may be mediating interactions of M2/M4 mAChRs and D2Rs found on striatal ChIs (Fig. 8) . However, since there is no direct evidence that such mAChR/D2R heterodimers exist, an alternative possibility could be that interactions occur at the level of the signaling pathways. This interpretation is supported by evidence that there is a dramatic decline in the ability of striatal D2Rs to activate their cognate G i/o proteins in transgenic DYT1 mice (Napolitano et al., 2010) .
Conclusion
In this study, we demonstrate: 1) there is an intrinsic hypercholinergic state in the TorA ΔE/+ mouse model of DYT1dystonia; and 2) that the Δ E-TorA mutation is not directly responsible for the paradoxical effect of D2R stimulation on firing rate in TorA ΔE/+ mice. Furthermore, we identify a novel interaction between muscarinic AChRs and dopaminergic D2Rs in modulating striatal ChI excitability. The hypercholinergic state was established through direct measurement of extracellular striatal ACh, a 16-fold increase was found in TorA ΔE/+ mice. The cause of the "D2R paradoxical excitation" of ChI spontaneous firing and the novel interaction of mAChRs and D2Rs were revealed by several findings. First, pharmacological block of M2/M4 mACh autoreceptors on ChIs of TorA ΔE/+ mice prevented the paradoxical excitatory effect of D2R activation on ChI firing which is typically found in these animals. Second, in wild-type TorA +/+ mice, increasing the extracellular ACh level or directly activating mAChRs can within minutes reverse the polarity of D2R signaling, converting the normal D2R-mediated inhibition of ChI firing into a "paradoxical" stimulation, mimicking the paradoxical excitation of ChIs observed in the DYT1 knock-in TorA ΔE/+ mouse and other rodent models of DYT1 dystonia (Eskow Jaunarajs et al., 2015) . Interestingly, while the cholinergic-induced switch in D2R signaling is rapid in onset, as shown by experiments in wild-type mice where the D2R-mediated paradoxical increase in ChI firing occurs after only a few minutes of mAChR activation, it is very slow to reverse, requiring at least 1 h of mAChR pharmacological antagonism to reverse D2R excitation into inhibition. Furthermore, once this change is induced by temporary activation of mAChRs, it can persist hours later following mAChR agonist washout. This observation reveals that a form of "signaling" plasticity exists where prior activation of one GPCR can directly impact signaling of another, similarly coupled GPCR, rendering a response in the opposite direction. Third, we found that in mice with genetic deletion of β-arrestin, the D2R paradoxical response was absent even when mAChRs were pharmacologically activated. Furthermore, MLS1547, a G-protein biased D2R agonist that does not engage β-arrestin signaling, was never able to excite ChI firing either in TorA ΔE/+ mice with intrinsic hypercholinergic tone or in wild-type mice with artificially enhanced cholinergic activity. Our findings support the view that the hypercholinergic state is the primary defect in the TorA ΔE/+ mouse model of human DYT1 dystonia. What causes the increase in ACh in this animal model remains elusive, but our findings warrant further attention on the potential roles of TorA in regulating ACh release (Torres et al., 2004; Kakazu et al., 2012a; Kakazu et al., 2012b) .
Functional significance
In most physiological conditions we would expect that low cholinergic tone would prevail and would be reinforced by the inhibitory effects of D2R activation on ChIs, since the ambient dopamine tone is likely sufficient to activate high-affinity D2R signaling. In the presence of pathologically high cholinergic tone, instead, the gain of excitatory D2R function on ChIs could further amplify the hypercholinergic state by promoting further ACh release. The situation in DYT1 animals, however, may be more complicated as the heightened extracellular ACh will likely cause desensitization of presynaptic nAChRs on dopaminergic terminals, leading to decreased tonic extracellular dopamine levels and increased phasic dopamine release during burst of dopaminergic neurons activity (Exley & Cragg, 2008) . This idea is supported by reports showing enhanced responsiveness of striatal dopamine release in a dystonia mouse model to phasic versus tonic stimulation (Bao et al., 2010) .
With this in mind, we suggest that the excitatory switch we observed in D2Rs as a consequence of the elevated ACh tone might be most functionally important during episodic elevations in dopamine activity occurring in associative and motor learning situations, rather than in basal dopaminergic states. D2R dysregulation of signaling may cause aberrant pause-rebound response in ChIs during episodic elevations of dopamine (Straub et al., 2014) leading to impaired synaptic plasticity that supports long-term changes in motor function and contributing to the pathophysiology of dystonia. Interventions targeted at both the primary defect in hypercholinergic tone and the downstream alterations in striatal signaling may be useful in modulating or reversing these abnormal motor functions.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.expneurol.2017.06.005.
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